While IVF has been widely successful in many domesticated species, the development of a robust IVF system for the horse remains an elusive and highly valued goal. A major impediment to the development of equine IVF is the fact that optimised conditions for the capacitation of equine spermatozoa are yet to be developed. Conversely, it is known that stallion spermatozoa are particularly susceptible to damage arising as a consequence of capacitation-like changes induced prematurely in response to semen handling and transport conditions. To address these limitations, this study sought to develop an effective system to both suppress and promote the in vitro capacitation of stallion spermatozoa. Our data indicated that the latter could be achieved in a bicarbonate-rich medium supplemented with a phosphodiesterase inhibitor, a cyclic AMP analogue, and methyl-b-cyclodextrin, an efficient cholesterolwithdrawing agent. The populations of spermatozoa generated under these conditions displayed a number of hallmarks of capacitation, including elevated levels of tyrosine phosphorylation, a reorganisation of the plasma membrane leading to lipid raft coalescence in the peri-acrosomal region of the sperm head, and a dramatic increase in their ability to interact with heterologous bovine zona pellucida (ZP) and undergo agonist-induced acrosomal exocytosis. Furthermore, this functional transformation was effectively suppressed in media devoid of bicarbonate. Collectively, these results highlight the importance of efficient cholesterol removal in priming stallion spermatozoa for ZP binding in vitro.
Introduction
In contrast to the considerable IVF successes that have been achieved in other mammalian species such as mice (Whittingham 1968 , Mukherjee & Cohen 1970 and cattle (Iritani & Niwa 1977 , Brackett et al. 1982 , the development of a robust IVF system for equine species remains difficult; only two foals having been reported using conventional IVF protocols (Palmer et al. 1991 , Bezard 1992 ). The fundamental impediments, which are at least partly responsible for the slow progression of equine IVF, include the limited availability of equine oocytes and the slow development of in vitro oocyte maturation. However, a compounding factor that is yet to be satisfactorily addressed is the low efficiency of methods for the capacitation of stallion spermatozoa in vitro (Blue et al. 1989 , Alm et al. 2001 .
Previous attempts to achieve stallion sperm capacitation in vitro have resulted in low sperm penetration rates of equine oocytes during IVF (Zhang et al. 1990) , low phosphotyrosine levels (Ellington et al. 1993) and low rates of agonist-induced acrosomal exocytosis (Christensen et al. 1996) . Heparin and TALP-HEPES medium or modifications of Krebs-Ringer bicarbonate have often been used to capacitate equine spermatozoa for IVF as they can promote reproducible responses in these cells (Dell' Aquila et al. 1996 , Choi et al. 2003 , Clulow et al. 2010 . Notwithstanding their reproducibility, these capacitation media are not able to promote levels of acrosomal exocytosis or protein tyrosine phosphorylation that are comparable to those achieved in the spermatozoa of other species such as cattle (Galantino-Homer et al. 2004 , Purdy & Graham 2004 or humans (Lu et al. 2006) . Recent work carried out by McPartlin et al. (2008) indicated that a defined medium containing 25 mM bicarbonate and 7 mg/ml BSA could promote high levels of protein tyrosine phosphorylation and acrosomal exocytosis in stallion spermatozoa after 4 h of incubation at 37 8C (McPartlin et al. 2008) . Such conditions are similar to those required for the capacitation of murine sperm (Visconti et al. 1995a) and may partially explain the limited success of previously developed stallion sperm capacitation media that were largely modelled on the requirements of bovine spermatozoa (Chamberland et al. 2001) . González-Fernández et al. (2012) have also recently shown that the capacitation of stallion spermatozoa in an air atmosphere (as opposed to 5% CO 2 ) promotes a remarkable up-regulation of protein tyrosine phosphorylation to levels comparable to those attained in the studies of McPartlin et al. (2008) . Such changes appear to be attributed to a loss of the bicarbonate buffering effect and hence an elevation in the pH of the medium (Gonzá lez-Ferná ndez et al. 2012) . However, the ability of spermatozoa capacitated under these conditions to interact with oocytes is yet to be determined.
Despite these important findings, a key limitation of these optimisation studies is their reliance upon the supplementation of capacitation media with serum albumin (Rathi et al. 2003 , McPartlin et al. 2008 . The inclusion of albumin is attributed to its unique ability to sequester membrane sterols, such as cholesterol (Boerke et al. 2008) , and cytotoxic lipid peroxides (Alvarez & Storey 1983) . While bicarbonate and calcium fluxes are required for rapid cAMP production and increases in membrane fluidity (Harrison et al. 1993) , albumin-mediated sterol depletion is critical to achieve increases in protein tyrosine phosphorylation, often considered a hallmark of sperm functional competence in model species such as the mouse (Visconti et al. 1995b , Galantino-Homer et al. 1997 . Sterol loss occurs either through the contribution of an active cholesterol transporter that provides free cholesterol to the hydrophobic pocket of albumin (Flesch et al. 2001) or possibly through the oxidation of membrane sterols and the subsequent scavenging of the hydrophilic oxidation products by albumin (Boerke et al. 2013) . Understandably, BSA is a reliable macromolecule to facilitate cholesterol loss in stallion sperm (Rathi et al. 2003 , McPartlin et al. 2008 ; nevertheless, if a capacitation medium is to be used regularly in equine assisted reproduction, an alternative macromolecule of nonanimal origin would be required due to the legitimate concern of zoonotic disease transmission and to ensure the reproducibility of the media.
Somewhat paradoxically, another limitation associated with assisted reproduction is the premature induction of capacitation-like changes associated with semen transport (Bailey & Buhr 1994) . The cellular destabilisation and reduced longevity that accompany such changes (Bailey et al. 2000) are potentially extremely problematic, given that semen may need to be transported a considerable distance between the sites of collection and usage. Such effects are usually ameliorated by the dilution of the semen sample in an extender solution immediately after collection. However, such extenders are also typically formulated to include animal-derived products (Kenney et al. 1975) , and systematic studies of their impact on equine sperm function are currently lacking. Consequently, the aims of this study were to design optimal conditions for both the suppression and promotion of equine sperm capacitation in the absence of animal-derived supplements.
These aims were achieved through two experimental approaches. The first of these evaluated the hypothesis that a non-capacitating (NC) formulation of media could be used to effectively limit capacitation-like membrane modifications during semen transport. The second tested the hypothesis that the addition of an artificial cholesterol-withdrawing agent, methyl-b-cyclodextrin (mbcd), could increase the efficacy of stallion sperm capacitation in vitro.
Materials and methods

Chemicals and reagents
Unless specified, research-grade chemical reagents were obtained from Sigma. The following conjugated antibodies were purchased to characterise proteins of interest: antiphosphotyrosine (PT66-FITC) and anti-phosphotyrosine (PT66-HRP). SYTOX Green cell vitality stain was purchased from Invitrogen. Anti-mouse IgG-HRP was obtained from Upstate Biotechnology (Lake Placid, NY, USA). HEPES, penicillin, and streptomycin were obtained from Invitrogen. BSA was obtained from Research Organics (Cleveland, OH, USA). Minicomplete protease inhibitor mixture tablets were purchased from Roche Applied Science. Nitrocellulose membranes were obtained from GE Healthcare (Piscataway, NJ, USA). Mowiol 4-88 was obtained from Calbiochem (La Jolla, CA, USA), and paraformaldehyde was supplied by ProSciTech (Thuringowa, Qld, Australia).
Collection and preparation of equine spermatozoa
Animals were used with the authorisation of the University of Newcastle animal care and ethics committee (A-2011-122) . Semen was collected with an open-ended artificial vagina from three adult pony stallions of proven fertility as described previously (Aitken et al. 2012) . Raw semen was filtered into a sterile collection container and diluted 2:1 in pre-warmed Kenney's extender (Kenney et al. 1975) , consisting of 133 mM D-glucose, 4.9% (w/v) skimmed milk powder, 2.8 mM Penicillin G sodium salt, and 2.1 mM streptomycin sulphate salt. Alternatively, semen was diluted 2:1 in a modified NC form of Biggers, Whitten and Whittingham medium (NC BWW; Biggers et al. 1971) , composed of 91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl 2 . 2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 . 7H 2 O, 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 mg/ml streptomycin, and 20 mM HEPES buffer (osmolarity of 300 mOsm/kg). Samples were transported to the laboratory at w37 8C in an insulated container within 1 h of ejaculation. Viable spermatozoa were recovered from these samples through use of a 40 and 80% discontinuous Percoll (GE Healthcare) gradient as described for human spermatozoa (Aitken et al. 2003) . Stallion spermatozoa were then pelleted by centrifugation at 500 g for a further 15 min at room temperature and resuspended at a concentration of 10!10 6 cells/ml in NC BWW medium before being used for all assays. Additionally, for experiment 1, raw (Percoll-free) sperm samples were prepared by removing the transport 154 E G Bromfield and others extender through a single centrifugation step at 500 g for 15 min, after which the pelleted stallion spermatozoa were diluted to a concentration of 10!10 6 cells/ml in NC BWW medium. 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 mg/ml streptomycin, 20 mM HEPES buffer, and 1 mg/ml polyvinyl alcohol (PVA) (87-90% hydrolysed, average MW 30 000-70 000) (osmolarity of 300 mOsm/kg), at a concentration of 10!10 6 cells/ml. The formulation of the different capacitation media used in this study is given in Table 1 . Populations of capacitated spermatozoa were prepared by incubation at 37 8C under an atmosphere of 5% CO 2 and 95% air for up to 18 h. At regular intervals throughout the incubation, sperm suspensions were gently mixed to prevent settling of the cells.
Capacitation of stallion spermatozoa
Computer-assisted sperm analysis
Stallion sperm motility analysis was conducted at 37 8C using a HTM-IVOS CASA system (Hamilton-Thorne Biosciences, Beverly, MA, USA; version 12.3) and chamber slides of 20 mm depth (Leja, Nieuw-Vennep, The Netherlands). The following sperm parameters were analysed: total motility (%), forward progressive motility (%), amplitude of lateral head displacement (ALH; mm), and track speed (mm/s). HTM-IVOS software settings were adjusted for equine sperm as follows: 60 frames/s, 30 frames acquired, minimum contrast 70, minimum cell size 4pix, and VAP cut-off 20.0 mm/s.
Cholesterol efflux
MC540 (Sigma) and filipin (Sigma) were used to assess membrane fluidity and cholesterol distribution respectively. After transport to the laboratory in NC BWW medium or Kenney's extender and Percoll fractionation (unless otherwise specified), an aliquot of stallion sperm was diluted to 1!10 6 cells/ml and incubated in SYTOX Green cell vitality stain at 37 8C for 10 min. This preparation was washed once with BWW medium and then split and incubated in either 25 mm filipin at 37 8C for 30 min or 2.7 mm MC540 at 37 8C for 10 min. Preparations were then washed once with BWW medium, and 200 cells from each treatment were scored on a Zeiss fluorescence microscope at excitation wavelengths of 590 nm (MC540), 470 nm (SYTOX Green), and 365 nm (filipin) (Carl Zeiss, Thornwood, NY, USA). Merocyanine-positive sperm were identified through bright red fluorescence over the entire head and the absence of SYTOX Green staining and filipin-stained sperm were classified as filipin positive when blue fluorescence was present over the peri-acrosomal region of the sperm head, but absent from the post-acrosomal region.
SDS-PAGE and immunoblotting
Following treatment, spermatozoa were pelleted via centrifugation and resuspended for protein extraction as described previously (Reid et al. 2012) . Protein extracts were then boiled in the presence of NuPAGE LDS sample buffer (Invitrogen) containing 8% b-mercaptoethanol, subjected to SDS-PAGE using 4-12% BIS-TRIS gels (Invitrogen) and then electrotransferred onto nitrocellulose membranes using conventional western blotting techniques (Towbin et al. 1979) . To detect proteins of interest, the membranes were blocked in 3% w/v BSA in Tris-buffered saline supplemented with 0.1% Tween 20 (TBST, pH 7.4) and then probed with HRP-conjugated antiphosphotyrosine antibody (a-PT66) diluted 1:10 000 in TBST supplemented with 1% BSA under constant rotation for 1 h at room temperature. The membranes were washed with TBST (3!10 min), and proteins were visualised using an ECL detection kit (ECL plus, Amersham Bioscience) according to the manufacturer's instructions.
Immunocytochemistry on fixed spermatozoa
Following capacitation, spermatozoa were fixed in 4% paraformaldehyde, washed three times with 0.05 M glycine in PBS and then applied to poly-L-lysine-coated glass coverslips. The cells were permeabilised in a humid chamber with 0.2% Triton X-100 and blocked in 3% BSA/PBS for 1 h. The coverslips were then washed with PBS and incubated with a-PT66-conjugated FITC antibody to phosphotyrosine diluted 1:100 with 1% BSA/PBS for 1 h at 37 8C. Following this, the coverslips were washed (3!5 min) with filtered PBS before mounting in 10% Mowiol 4-88 (Calbiochem) with 30% glycerol in 0.2 M Tris (pH 8.5) and 2.5% 1,4-diazabicyclo-(2.2.2)-octane (DABCO). Stallion spermatozoa were examined with a Zeiss LSM510 laser scanning confocal microscope (Carl Zeiss Pty, Sydney, Australia). Equine follicular fluid extraction
To obtain equine follicular fluid (FF), post-mortem ovaries were obtained from a local slaughterhouse and transported to the laboratory on ice. Ovaries were washed with 0.9% NaCl and adnexa were trimmed. Visible follicles were punctured with a 24-gauge needle, and the contents were aspirated and filtered through a filter of 0.45 mm pore size. NC and capacitated stallion sperm were incubated in a 10% v/v solution of FF in BWW medium and then processed for the assessment of the acrosome reaction.
Analysis of membrane raft distribution
The localisation of membrane raft marker, GM1 ganglioside, was visualised in stallion spermatozoa by staining with Alexa Fluor 555-labelled B subunit of cholera toxin B (CTB) as described previously for human spermatozoa (Nixon et al. 2011) . For each treatment, 200 cells were classified into two fluorescent patterns (head and tail or head-only labelling).
Heterologous equine sperm-bovine zona pellucida-binding assay
Oocyte recovery
Post-mortem bovine ovaries were obtained from a local slaughterhouse and transported to the laboratory at w30 8C in pre-warmed Dulbecco's PBS (DPBS). Ovaries were washed with fresh DPBS, and then the contents of all the follicles were aspirated using a 20-gauge needle and 10 ml syringe. Oocytes were allowed 15 min to settle to the bottom of pre-warmed glass tubes before being manually selected under a dissection microscope. Oocytes were then washed and placed into fresh DPBS containing 0.03% hyaluronidase. Cumulus cells were gently removed with a 135 mm denuding pipette (Hunter Scientific, Essex, UK), and zona-intact oocytes were then transferred to a high-salt storage solution (0.75 M MgCl 2 (H 2 O) 6 , 0.5 M (NH 4 ) 2 SO 4 , 40 mM HEPES buffer and 0.1 mg/ml PVA) and stored at 4 8C for up to 2 weeks.
Gamete preparation and co-incubation
In sterile tissue culture petri dishes, 100 ml droplets of BWW medium were prepared under H 2 O-saturated mineral oil. Salt-stored bovine oocytes were washed four times with DPBS using a denuding pipette, and four oocytes were placed into each BWW medium droplet and equilibrated at 37 8C under 5% CO 2 for 1 h. Sperm were capacitated in appropriate capacitating media for 4 h, and a control population was prepared in NC BWW media. Approximately 20 000 sperm cells were added to each group of four oocytes and gametes were co-incubated for 1 h at 37 8C under 5% CO 2 . Oocytes and attached sperm were then removed and washed five times with BWW medium by gentle aspiration to remove unbound sperm. Oocytes were then mounted on a glass slide in a small volume of BWW medium under a coverslip. The number of zona pellucida (ZP)-bound spermatozoa was recorded using phase-contrast microscopy.
Acrosome assessment
Following capacitation under different medium conditions, stallion spermatozoa were incubated for 30 min with 15 mm progesterone, 0.5% v/v dimethylsulphoxide (DMSO) vehicle control, or 2.5 mm calcium ionophore (A23187) to induce acrosomal exocytosis. Sperm were then incubated in pre-warmed hypo-osmotic swelling media (0.07% w/v sodium citrate and 1.3% w/v fructose) for a further 30 min at 37 8C. Sperm preparations were then washed with PBS, aliquoted onto poly-L-lysine-coated slides and allowed to air-dry. The cells were then permeabilised in ice-cold methanol and subjected to immunocytochemistry with TRITC-labelled peanut agglutinin lectin (PNA, 1:200). The acrosomal status of stallion spermatozoa was assessed with a Zeiss LSM510 laser scanning confocal microscope by scoring the number of viable cells with intact acrosomes fluorescently labelled with PNA and the number of acrosome-reacted cells. Acrosome-reacted cells were identified by either the complete absence of PNA staining over the acrosomal region or the restriction of this labelling to the equatorial segment of the sperm head (Rathi et al. 2001 ).
Statistical analysis
Statistical significance was determined using ANOVA, TukeyKramer HSD and t-tests employing JMP software (version 9.0.0). P!0.05 was considered significant. Experiments were carried out on three pooled ejaculates from three stallions (nZ3) unless otherwise stated. All the data are expressed as meansGS.E.M.
Results
Experiment 1: a comparison of the capacitation status of stallion sperm transported in a non-capacitating medium and Kenney's milk-based semen extender
To address the first aim of this study, a NC transport medium (NC BWW) was formulated based on a modified recipe of Biggers, Whitten and Whittingham medium in which bicarbonate was omitted. Before use, NC BWW medium was examined to ensure that it was capable of supporting levels of stallion sperm motility ( Fig. 1A ) and viability (Supplementary Figure 1 , see section on supplementary data given at the end of this article) comparable to those supported by a commonly used equine semen extender comprising powdered skimmed milk, glucose, and antibiotics (Kenney's extender; Kenney et al. 1975) during the period of transport (!1 h at 37 8C) from the site of semen collection to our laboratory. Immediately after Percoll fractionation (tZ0), no significant difference (PO0.05) was observed between the total mean motility of samples transported in Kenney's extender and that of samples transported in NC BWW medium (Fig. 1A) . A similar trend was observed throughout the ensuing 4 h after transportation, though, as expected in the absence of a protein source, at later time points (tZ18 and 32 h, incubated at 37 8C), a significantly greater (P!0.05) percentage of motile spermatozoa were observed in samples transported in Kenney's extender (42 and 15% respectively) than in those transported in NC BWW medium (16 and 8% respectively). The assessment of sperm viability over the same time course indicated that both NC BWW medium and Kenney's extender supported similar levels of cell viability (Supplementary Figure 1) . Collectively, these data support the suitability of NC BWW medium for use as a short-term transport medium for stallion spermatozoa.
Experiments were then carried out to analyse the irreversible effects of these semen extenders on the stability of the stallion sperm membrane. To examine membrane fluidity, MC540 was employed. Populations of spermatozoa transported in Kenney's extender had a higher percentage of MC540-positive cells (55%) compared with those of spermatozoa transported in NC BWW medium (30%, P!0.05; Fig. 1B ). As merocyanine is incorporated into sperm membranes that are in a state of lipid disorder, this result suggests that a greater proportion of sperm transported in Kenney's Populations of Percoll-enriched or unfractionated (raw) stallion spermatozoa were also fixed in 4% paraformaldehyde. These cells were then permeabilised with 0.2% Triton X-100 and stained with a FITC-conjugated antibody to phosphotyrosine (PT66). Phosphotyrosine labelling was observed in two distinct patterns: 'incomplete labelling' of the sperm flagella with fluorescence present over the mid-piece of the flagella and equatorial region of the sperm head and 'complete' labelling with fluorescence observed over the entire flagella.
Representative images of phosphotyrosine expression were captured using a confocal microscope. The percentage of cells in each population displaying complete phosphotyrosine labelling of the flagella was recorded, *P%0.05. Scale barZ20 mm. (E) The percentage of cells exhibiting spontaneous acrosome loss was also recorded for spermatozoa transported in either non-capacitating BWW medium or Kenney's extender by assessment of TRITC-conjugated PNA labelling, *P%0.05. The accompanying image displays representative images of acrosome-intact (red fluorescent labelling of the outer acrosomal membrane of the sperm head) and acrosome-reacted (no labelling) sperm cells. Scale barZ15 mm.
Capacitation of stallion spermatozoa extender had undergone some degree of membrane phospholipid scrambling compared with those transported in NC BWW medium. To assess whether this result was influenced by a loss of cholesterol from the sperm membrane, the antibiotic filipin was used to monitor filipin-sterol complexes in stallion sperm. Previous work carried out with this probe by Flesch et al. (2001) has verified that cholesterol is distributed over the entire head of non-capacitated boar spermatozoa. However, incubation of these cells in the presence of bicarbonate to induce capacitation resulted in a shift of filipin-cholesterol complexes to the peri-acrosomal region of the sperm head and a depletion of sterols from the equatorial and post-acrosomal regions of the sperm head (Flesch et al. 2001 ). In our study, both these filipincholesterol labelling patterns were identified in stallion sperm transported in NC BWW medium and Kenney's extender. Spermatozoa displayed either prominent postacrosomal labelling of the sperm head or an alternative labelling of the peri-acrosomal region with minimal fluorescence over the post-acrosomal domain (Fig. 1C) . Consistent with the results obtained using merocyanine, a greater number of sperm transported in Kenney's extender showed redistribution of cholesterol to the periacrosomal region of the sperm head (Fig. 1C) . Indeed, the proportion of sperm with cholesterol concentrated in the peri-acrosomal region of the sperm head in samples transported in NC BWW medium (34%) and Kenney's extender (58%) was virtually identical to the percentage of MC540-responsive sperm in samples transported in each of these transport media (30 vs 55%).
Given that the events upstream of protein kinase A (PKA) stimulation and soluble adenylyl cyclase induction appear to have been influenced by semen extenders during transport, protein tyrosine phosphorylation, the key downstream consequence of activation of the cAMP/PKA pathway, was assessed in samples of the NC BWW medium-and Kenney's extender-transported sperm. 'Complete' phosphotyrosine labelling ( Fig. 1D ) of the sperm flagellum was observed in a significantly greater number of sperm transported in Kenney's extender (17%) than in those transported in NC BWW medium (5%) (Fig. 1D) . Interestingly, the proportion of sperm displaying increases in phosphotyrosine expression was considerably lower than the number of sperm that appeared to have undergone a degree of membrane reorganisation, indicating that the changes observed after semen transport were unlikely to be a result of physiological capacitation. Finally, TRITClabelled PNA assessment of NC BWW medium-and Kenney's extender-transported spermatozoa to assess acrosome integrity revealed that up to 12% of viable sperm were acrosome damaged in the samples transported in Kenney's extender, double the number that were observed in samples transported in NC BWW medium (Fig. 1E ).
Experiment 2: assessment of the effect of mbcd on the efficacy of stallion sperm capacitation in vitro To determine whether the macromolecule PVA or the putative sterol acceptor soybean hydrolysate (SB; Goldberg et al. 1982 , Van Ee 2009 ) could yield time-dependent increases in tyrosine phosphorylation comparable to that observed with BSA, a FITC-conjugated antibody to phosphotyrosine (a-PT66) was used to evaluate the number of cells displaying complete phosphotyrosine labelling of the flagellum. This analysis was carried out over a time course of 18 h during which stallion sperm were incubated in capacitating media (Table 1 ) in a 5% CO 2 -saturated environment at 37 8C. As shown in Fig. 2A , O70% of the total sperm population displayed complete flagellum labelling for phosphotyrosine after 4 h of capacitation in vitro, regardless of the macromolecular content of the media. These levels differed significantly from those achieved under NC conditions at time points between 3 and 6 h (P!0.01). Across all time points evaluated, media containing 1 mg/ml PVA sustained the highest level of phosphotyrosine expression with 77% of spermatozoa displaying complete flagellum labelling after 5 h of incubation under capacitating conditions.
To determine the optimal period of incubation required to elicit capacitation without compromising sperm viability, sperm motility was assessed using a HTM-IVOS computer-assisted sperm analysis (CASA) system (Hamilton Thorne Bioscience, Beverly, MA, USA). This study revealed that incubation in media containing either BSA or PVA supported equivalent levels of sperm motility over the entire time course examined (Fig. 2B) . Although media containing 1.2 mg/ml SB were also initially able to support levels of cell motility that were statistically similar to those supported by PVA-or BSA-based media, this level of support did not extend beyond 5 h of incubation. Given that high levels of tyrosine phosphorylation could be achieved after 4 h of incubation in capacitation media regardless of the macromolecule employed, and adequate sperm motility could still be maintained at this time point, an incubation time of 4 h was chosen for subsequent experiments. These experiments initially focused on establishing the quantitative increase in tyrosine phosphorylation in the presence of media containing BSA, PVA, or SB. They also served to evaluate the influence of pentoxifylline (ptx), a phosphodiesterase inhibitor, and dibutyryl cyclic AMP (dbcAMP), a membrane-permeable cAMP analogue, on the capacitation of stallion spermatozoa.
Immunoblotting data suggested that BSA was more effective in promoting stallion sperm protein tyrosine phosphorylation than either PVA or SB (Fig. 2C, D , and E). In this regard, it was found that incubating stallion sperm in BWW medium with the addition of 25 mM bicarbonate and 3 mg/ml BSA (Bic (BSA)) but in the absence of ptx and dbcAMP promoted a modest up-regulation of protein tyrosine phosphorylation after 4 h of incubation compared with the basal levels observed in sperm incubated in NC BWW medium. However, in the presence of 3 mM ptx and 5 mM dbcAMP (CAP (BSA)), a notable increase in the intensity of bands corresponding to a subset of proteins of w70-170 kDa was detected (Fig. 2C) . Immunoblotting analysis showed that an equivalent medium containing 1 mg/ml of PVA (CAP (PVA)) elicited a modest increase in protein tyrosine phosphorylation (Fig. 2D) . Interestingly, phosphotyrosine levels observed in protein lysates extracted from sperm incubated in media containing SB were more comparable to those observed in lysates obtained from sperm incubated in media containing BSA (Fig. 2E) .
Given this result, the potential efficacy of PVA, SB, and BSA was further assessed through their combination with the cyclic heptasaccharide mbcd (Fig. 3) . Although the addition of 0.5 mM mbcd to NC media did not dramatically alter the protein tyrosine phosphorylation profile of stallion spermatozoa, this analysis revealed an elevated level of phosphotyrosine (of proteins between w130 and 170 kDa) in lysates extracted from sperm incubated in PVA-based media with 0.5 mM mbcd than in those prepared from sperm incubated in the absence of this cholesterol-withdrawing agent (Fig. 3A) . A similar trend was also observed for spermatozoa incubated in SB media with and without 0.5 mM mbcd. In contrast to the results obtained for both SB-and PVA-supplemented media, the addition of 0.5 mM mbcd to sperm incubated in a BSA-rich environment did not appear to alter the Figure 2 The influence of macromolecules on sperm protein tyrosine phosphorylation and motility during in vitro capacitation. Raw semen samples from three stallions were diluted in NC BWW medium (2:1), transported to the laboratory, and processed through Percoll centrifugation. (A) An equivalent number of pelleted spermatozoa were allocated to different treatment groups (NC BWW medium (NC); BWW medium supplemented with 1 mg/ml PVA, 3 mM ptx, and 5 mM dbcAMP (CAP (PVA)); BWW medium supplemented with 3 mg/ml BSA, 3 mM ptx, and 5 mM dbcAMP (CAP (BSA)); or BWW medium supplemented with 1.2 mg/ml SB, 3 mM ptx, and 5 mM dbcAMP (CAP (SB)). These cells were then incubated over an 18-h period with aliquots removed and prepared for immunocytochemical labelling with FITCconjugated anti-phosphotyrosine at regular time points. The percentage of cells displaying complete labelling of the flagella was recorded, and it is presented as meansGS.E.M. (nZ3), *P%0.05 and **P%0.01 for difference from the non-capacitated control. (B) Total motility was also recorded at each time interval using a HTM-IVOS CASA system utilising the manufacturer's settings for equine spermatozoa (Hamilton-Thorne Bioscience, version 12.3), and the data are presented as meansGS.E.M. (nZ3),*P%0.05 for difference between the treatment groups. (C, D, and E) At the 4-h time point, an aliquot of stallion spermatozoa from each treatment group was lysed and proteins were prepared for immunoblotting with a HRP-conjugated anti-phosphotyrosine antibody (a-PT66). Following development, the blots were stripped and re-probed with anti-a-tubulin to ensure equivalent protein loading. This experiment was repeated three times, and representative immunoblots are shown. (C) Sperm were incubated in NC BWW medium devoid of bicarbonate and a macromolecule (NC); BWW medium supplemented with 3 mg/ml of BSA and 25 mM bicarbonate (Bic (BSA)); or BWW medium supplemented with 3 mg/ml of BSA, 25 mM bicarbonate, 3 mM pentoxifylline, and 5 mM dbcAMP (CAP (BSA)). (D) Sperm were incubated in NC BWW medium devoid of bicarbonate and a macromolecule (NC); BWW medium supplemented with 1 mg/ml of PVA and 25 mM bicarbonate (Bic (PVA)); or BWW medium supplemented with 1 mg/ml of PVA, 25 mM bicarbonate, 3 mM pentoxifylline, and 5 mM dbcAMP (CAP (PVA)). (E) Sperm were incubated in NC BWW medium devoid of bicarbonate and a macromolecule (NC); BWW medium supplemented with 1.2 mg/ml of SB and 25 mM bicarbonate (Bic (SB)); or BWW medium supplemented with 1.2 mg/ml of SB, 25 mM bicarbonate, 3 mM pentoxifylline, and 5 mM dbcAMP (CAP (SB)). pattern of tyrosine phosphorylation compared with that observed for sperm incubated in BSA media devoid of the cholesterol-withdrawing agent. Importantly, these results were not an artefact of uneven loading of samples as verified through a-tubulin (Fig. 3A) . These results were supported by our immunolabelling studies. Notably, the addition of this cholesterol-withdrawing agent promoted a significant increase in the number of spermatozoa displaying tyrosine phosphorylation in PVA-and SB-supplemented media (Fig. 3B) . Interestingly, the addition of mbcd to media containing BSA produced no pronounced additive effects on the level of tyrosine phosphorylation achieved in these spermatozoa (80 vs 79% respectively (Fig. 3B)) , and the addition of mbcd to NC media resulted in a subtle increase in protein tyrosine phosphorylation that was not statistically significant (5 vs 19% respectively).
Given that the inclusion of mbcd promoted an increase in protein tyrosine phosphorylation in media devoid of the traditional cholesterol acceptor BSA, both PVA-and SB-enriched capacitation media prepared with and without mbcd were analysed for their effects on membrane raft distribution after in vitro capacitation. For this purpose, spermatozoa were labelled with CTB to study the distribution of GM1 gangliosides, a key component of the raft environment (Nixon et al. 2010 (Nixon et al. , 2011 . The pattern of CTB labelling typically observed under NC conditions was defined by uniform fluorescence over the entire surface of the sperm (Fig. 4A) . However, incubation in the sperm capacitation media formulated for these studies elicited a marked redistribution of CTB staining to one that was restricted to the periacrosomal region of the sperm head. This result shares a striking similarity to previous observations of the GM1 ganglioside localisation reported in boar, human, and mouse sperm following incubation under capacitating conditions (Shadan et al. 2004 , Nixon et al. 2010 .
Quantification of these images revealed that the addition of mbcd to PVA-and BSA-based media resulted in increases in the number of sperm displaying a capacitation-associated redistribution of GM1 gangliosides to the peri-acrosomal region of the sperm head (74 vs 87%) or (66 vs 85%) respectively. The addition of mbcd also led to a significant increase in the number of sperm displaying restricted peri-acrosomal labelling of the sperm head after capacitation in media containing SB (52 vs 74%). Moreover, the addition of mbcd to NC media also resulted in a significant increase in the number of sperm presenting this positive labelling pattern of membrane raft redistribution (8 vs 34% respectively).
Based on phosphotyrosine expression and membrane raft localisation, it was concluded that the addition of mbcd to BWW medium containing PVA, BSA, or SB in addition to the pharmacological agents, ptx/dbcAMP, promoted the highest levels of capacitation in sperm in all the media assessed. Therefore, these experimental conditions were selected for the assessment of sperm function using a heterologous sperm-ZP binding assay. Though no significant difference in sperm motility was observed in SB-, PVA-, and BSA-supplemented media containing mbcd and ptx/dbcAMP, a dramatic difference in ZP-binding competence was identified (Fig. 4C) . As anticipated, stallion spermatozoa incubated in NC BWW medium demonstrated very limited affinity for Figure 3 Assessment of the tyrosine phosphorylation status of sperm incubated in BSA-, SB-, and PVA-enriched BWW media supplemented with mbcd. BWW media supplemented with 3 mM ptx, 5 mM dbcAMP, and 1 mg/ml PVA; 3 mg/ml BSA; or 1.2 mg/ml SB were prepared in triplicate. mbcd was then added at a concentration of 0.5 mM to these media. Percoll-purified stallion spermatozoa were resuspended at a concentration of 10!10 6 cells/ml in each medium as well as in NC BWW medium (NC) as a negative control. The cell suspensions were incubated for 4 h, after which the spermatozoa were either lysed with SDS extraction buffer for immunoblotting or fixed in 4% paraformaldehyde for immunocytochemistry. (A) Sperm lysates were prepared for immunoblotting with HRP-conjugated a-PT66. Following development, the blots were stripped and re-probed for antia-tubulin to ensure equivalent protein loading. This experiment was repeated three times, and representative immunoblots are shown. bovine ZP, with an average of 11.6 sperm bound/egg. Conversely, sperm incubated in media containing a combination of ptx/dbcAMP, PVA and mbcd exhibited a high affinity for bovine ZPs with an average of 119 sperm bound per oocyte (Fig. 4D) .
Given that capacitation media containing BSA supported membrane raft redistribution in a greater proportion of cells and promoted tyrosine phosphorylation of an additional subset of proteins compared with PVA-supplemented media, it was surprising that opposing results were observed in terms of their ability to support sperm binding to bovine ZP (88.3 vs 119.4 sperm/egg respectively). This dichotomy may be attributed to a slightly higher frequency of sperm-sperm agglutination observed in the presence of serum albumin (Supplementary Figure 1) , or alternatively protein tyrosine phosphorylation in this species may not be an adequate predictor of fertilising capacity. Despite this, BSA-rich media did promote greater ZP-binding competence than media containing both a combination of SB and mbcd (CAP (SB)), where an average of 35 sperm bound to oocytes. This result did not significantly differ from non-capacitated cells (PO0.05).
In addition, we sought to evaluate which medium best supported high levels of acrosomal exocytosis. This was accomplished through the exposure of capacitated stallion spermatozoa to progesterone and the calcium ionophore A23187, before using TRITClabelled PNA to assess the acrosomal status of the cells (Fig. 5A) . Since equine FF has been shown to induce acrosomal exocytosis in stallion sperm (Rodriguez et al. 2001) , as a positive control, spermatozoa were capacitated in BWW medium supplemented with ptx/dbcAMP for 4 h and then pre-incubated with 10% equine FF for 30 min before fixation in 4% paraformaldehyde.
These experiments revealed that media containing mbcd consistently supported the highest rates of acrosomal exocytosis in stallion sperm, and these levels proved to be statistically similar to those induced through a 30-min incubation in equine FF (Fig. 5B) . In all cases, incubation with the calcium ionophore A23187 induced the highest levels of acrosomal exocytosis (Fig. 5B) , and no statistically significant difference was discernible between the macromolecules: BSA, PVA, and SB. Existing research into the effects of semen extenders on equine sperm function has focused largely on the maintenance of sperm viability and motility during transport and storage (Brinsko et al. 2000 , LeFrapper et al. 2010 . Interestingly, the findings described in the present study suggest that adequate motility and viability after transport do not necessarily denote membrane stability and fertilising competence. The impact of an industry-standard milk-based semen extender on the maintenance of membrane stability was investigated through the examination of plasma membrane destabilisation and cholesterol depletion, two events frequently correlated with the onset of capacitation (Flesch et al. 2001) , as well as sperm protein tyrosine phosphorylation and acrosome integrity. The results secured in this study demonstrated that short-term transport of stallion sperm in Kenney's extender permits greater levels of membrane fluidity and cholesterol redistribution compared with transport of sperm in a skimmed milk-free alternative transport medium. It is thus possible that Kenney's extender could render some cells more susceptible to a loss of membrane integrity, explaining the heightened levels of spontaneous acrosome loss that we observed immediately after transport in this study. Although it is not suggested that sperm in contact with Kenney's extender experience physiological capacitation, the presence of a number of cells displaying tyrosine phosphorylation of flagellar proteins suggests that a restricted population of stallion spermatozoa undergo capacitation-like changes that could reduce their longevity. A similar phenomenon has been found in other domestic animals such as the boar (Bailey & Buhr 1994 , Bailey et al. 2000 . This could have particular implications with regard to the use of sperm stored in milk-based extenders for artificial insemination, where long-term sperm survival is crucial for successful fertilisation (Bailey et al. 2000) , and for gamete intrafallopian transfer, where sperm are deposited directly into the oviduct and the components of semen extenders may be present during gamete interaction (Coutinho da Silva et al. 2012) . Although the mechanisms of sperm activation in the presence of milk proteins are poorly understood, it has recently been shown that incubation of stallion sperm in a skimmed milk-based extender (EZM) based on the composition of Kenney's extender (Kenney et al. 1975) promotes a fourfold increase in the number of cells capable of binding to either bovine or equine ZPs (Coutinho da Silva et al. 2012) . Previously, these authors have demonstrated that the addition of milk proteins, casein, native phosphocaseinate, and caseinoglycopeptide, enhances the binding of stallion sperm to bovine and equine ZP in a dose-dependent manner (Coutinho da Silva et al. 2005) . Interestingly, casein phosphopeptides have also been reported to be positively associated with the fertilisation of pig oocytes. In this regard, Nagai et al. (1988) observed a significant increase in ZP penetration rates when boar sperm were Figure 5 Assessment of the ability of stallion spermatozoa to acrosome react following capacitation. Stallion spermatozoa incubated in capacitating media (3 mM ptx and 5 mM dbcAMP) containing PVA, BSA, or SB with and without the addition of mbcd were induced to acrosome react with calcium ionophore A23187 or, in a parallel experiment, with progesterone P4. Following treatment, spermatozoa were incubated in hypo-osmotic swelling medium to distinguish live cells and then assessed for acrosomal status using TRITC-conjugated PNA. A control treatment in which sperm were incubated in FF was also carried out. (A) Representative images of acrosome-intact (PNA-labelled) and acrosome-reacted (non-labelled) stallion spermatozoa. Scale barZ20 mm. (B) Assessment of acrosomal status was conducted for 100 viable (curled tails) spermatozoa in each treatment group by monitoring TRITC-PNA labelling under a fluorescence microscope. *Mean values differed significantly from the NC BWW medium (NC) control and from the DMSO control (P%0.05), **P%0.01. incubated in a medium containing casein phosphopeptides than when incubated in a medium without these supplements (100 vs 46%). It is also worth noting that an increase in intracellular calcium concentrations was observed in stallion sperm following incubation in the presence of casein phosphopeptides, and a subsequent increase in the number of sperm able to undergo an induced acrosome reaction has been documented, suggesting that sperm capacitation may occur in the presence of milk proteins (Pommer et al. 2003) .
Therefore, it is possible that casein and/or calcium present in the skimmed milk component of Kenney's extender contributed to the capacitation-like changes identified in our study. However, it should also be noted that several studies have implicated casein micelles as the active components involved in the protection of sperm from milk products. In the bull, for instance, it has been proposed that the casein micelles found in skimmed milk extenders are able to exert a cryoprotectant effect by virtue of their ability to sequester a family of seminal plasma lipid-binding proteins (bovine seminal plasma proteins (BSPs); Bergeron et al. 2007 ). This sequestration is, in turn, thought to counteract lipid loss during storage by preventing the BSPs from acting as a sink for phospholipid and cholesterol efflux from the plasma membrane (Bergeron et al. 2007) . While it remains to be examined directly, our study strongly suggests an opposing role for the components of skimmed milk during stallion semen transport. However, if this hypothesis stands true, it may in part be attributed to an issue of dilution in that the quantity of skimmed milk in Kenney's extender used for these studies was not sufficient to bind a substantial quantity of BSP homologues and thus protect stallion sperm from lipid and cholesterol loss. While we were able to negate some of these issues through the use of NC BWW media, unusually high levels of membrane fluidity and cholesterol redistribution were also detected in populations of sperm transported in NC media regardless of the use of Percoll fractionation (Fig. 1) . Although this is unlikely to be due to the composition of the media used, the use of centrifugation to remove the extender may have been sufficient to induce sperm membrane destabilisation. Indeed, stallion spermatozoa may be highly sensitive to the mechanical insults of handling and storage (Leahy & Gadella 2011) . Additionally, the cholesterol concentration of the stallion sperm plasma membrane is already quite low in comparison with that present in sperm of other species (Parks & Lynch 1992 , Cross 1998 . As it is unlikely that NC BWW medium is able to provide the components necessary to sustain sperm motility and viability during long-term storage, investigations into novel semen extenders for the transport and storage of semen are thus required to circumvent the potential issues associated with the use of milk-based extenders in equids.
Experiment 2: mbcd can enhance stallion sperm capacitation in vitro, as defined by protein tyrosine phosphorylation and the acquisition of ZP-binding potential
In terms of addressing the second aim of this study, we were able to demonstrate that within a 4-h time frame, modified BWW media formulated to include bicarbonate and a macromolecule alone were sufficient to induce levels of tyrosine phosphorylation that superseded those observed under NC conditions (Fig. 2) . However, the addition of 3 mM ptx and 5 mM dbcAMP was required to ensure that a majority of cells underwent the post-translational changes associated with capacitation. This may reflect the fact that in our study, spermatozoa were incubated in an atmosphere of 5% CO 2 in air. In view of recent work carried out by González-Fernández et al. (2012) , it might be beneficial to extend these studies to assess the effects of our media on spermatozoa incubated in an air environment (González-Fernández et al. 2012) . Nevertheless, our study did reveal that the addition of mbcd might circumvent the need for traditional sterol acceptors derived from animal sources in in vitro capacitation media. Indeed, this reagent dramatically improved the efficacy of both PVA-and SB-based media in promoting tyrosine phosphorylation in stallion spermatozoa (Fig. 3) .
In addition to tyrosine phosphorylation, we also focused our analysis on capacitation-associated surface remodelling events. Such events are critically important in preparing spermatozoa for fertilisation, particularly as the balance of evidence indicates that these cells are transcriptionally inactive (Yanagimachi 1994) . In recent years, this process has been shown to be augmented by specialised microdomains known as membrane rafts. Upon capacitation, and the resultant cholesterol efflux, membrane rafts undergo a dynamic reorganisation from a uniform pattern of distribution to one that is confined to the apical ridge of the sperm head, the region that mediates zona recognition and binding (van Gestel et al. 2005a) . Furthermore, among the key proteins identified within these microdomains are a subset of putative zona receptor molecules (Asano et al. 2009 , Nixon et al. 2009 . In the present study, incubation of sperm in the presence of mbcd in combination with PVAand SB-based BWW media resulted in a significant increase in the number of sperm displaying membrane raft aggregation within the peri-acrosomal region of the sperm head (Fig. 4B) . Additionally, these data were supported by our analysis of membrane fluidity using MC540 (Supplementary Figure 2A , see section on supplementary data given at the end of this article) and cholesterol depletion monitored using filipin (Supplementary Figure 2B) . These analyses revealed a significant increase in membrane destabilisation events in treatment groups capacitated in the presence of mbcd and either PVA or SB as well as when mbcd was added to sperm incubated under NC conditions.
Since the capacitation-induced aggregation of membrane rafts is thought to be involved in the generation of Capacitation of stallion spermatozoa sperm ZP-binding capability (Boerke et al. 2008) , it was predicted that the inclusion of mbcd in capacitating media would be advantageous for the promotion of ZP-binding ability in stallion spermatozoa.
This hypothesis was tested through the co-incubation of stallion sperm, capacitated in BWW medium supplemented with mbcd and PVA, BSA or SB, with heterologous bovine zona-intact oocytes (Fig. 4D) . This assay has recently been developed to address difficulties associated with the acquisition of sufficient horse oocytes and, importantly, has been used to assess stallion sperm capacitation status (Clulow et al. 2010 , Coutinho da Silva et al. 2012 . The use of this assay in our study demonstrated that media containing PVA and mbcd supported the highest levels of ZP binding with an average of 119.4 sperm bound to the ZP of each bovine oocyte, a result that significantly exceeded the number of sperm bound after incubation in NC conditions (11.6 cells/oocyte). The gamete co-incubation method used in these studies was adapted from that established by Clulow et al. (2010) in studies of fresh and frozen, sex-sorted and non-sorted stallion spermatozoa. These authors demonstrated that after incubation in TALP and co-incubation with heterologous bovine oocytes, an average of fewer than 30 sperm were bound to each oocyte (Clulow et al. 2010) . Similar results were obtained through binding assays incorporating equine sperm and bovine and equine oocytes, with averages of 29 and 36 sperm/egg being obtained respectively (Coutinho da Silva et al. 2012) . In comparison, the number of sperm bound to oocytes after incubation in PVA/mbcd (119.4 sperm/egg) and BSA/mbcd (88.3 sperm/egg) greatly exceeded those observed in previous studies. Despite showing promise in its ability to support protein tyrosine phosphorylation (Fig. 3) and high levels of agonist-induced acrosomal exocytosis (Fig. 5) , the medium containing SB failed to support sperm-ZP interaction in vitro. Although there was no significant difference in the ability of each medium to support sperm motility (Fig. 2) , capacitation in SB-based media resulted in the greatest reduction in motility at 4 h when compared with the non-capacitated control. Given this, it is possible that subtle differences in motility and patterns of hyperactivation may have affected the ability of these cells to bind tightly to the ZP.
Although media containing mbcd promoted high levels of heterologous ZP interaction, a recent study of murine and porcine sperm capacitation has suggested that the artificial depletion of sterols mediated by this agent may result in low IVF rayes (Boerke et al. 2013) . Such results purportedly stem from the dual action of this reagent in circumventing the bicarbonate-induced reactive oxygen species (ROS) oxysterol signalling pathway that leads to the removal of sperm surface sterols, in addition to its ability to induce oocyte degeneration in these species (Boerke et al. 2013) . While the effect of mbcd on equine IVF rates and equine oocyte quality is yet to be examined, the very low concentration encountered by oocytes in our study is likely to limit any detrimental influence of this reagent. Additionally, in contrast to the findings reported for pig spermatozoa (van Gestel et al. 2005b) , we were able to demonstrate that as little as 0.5 mM mbcd was able to enhance the redistribution and aggregation of membrane raft components (Fig. 4) in addition to an up-regulation of protein tyrosine phosphorylation (Fig. 3) . These results may, in part, be attributed to the synergistic effects resulting from its combination with PVA or SB macromolecules. However, we cannot discount the possibility that this reagent also elicits species-specific effects.
While PVA-based BWW medium was able to support the highest levels of ZP-binding ability, one distinct difference between this medium and that supplemented with serum albumin was the greater number of agglutinated sperm in the latter treatment. This increase in agglutination is likely to have contributed to the reduced ZP-binding efficacy of the BSA and thus appears to be a negative attribute of this macromolecule. However, similarly high levels of agglutination were observed in populations of spermatozoa incubated in FF, thus implying that this mechanism may be of some physiological relevance. In studies carried out with boar spermatozoa, it has been demonstrated that the adenylyl cyclase-cAMP-PKA signalling cascade, which facilitates capacitation, may also lead to an increased propensity for head-to-head agglutination (Harayama et al. 2000) . In this species, it is thought that the spermatozoa lose an anti-agglutinin molecule from their surface due to changes in the plasma membrane induced by a combination of serum albumin (Harayama et al. 1999) , calcium chloride, and bicarbonate within the capacitation media (Harayama et al. 1998 ).
In conclusion, the results reported herein support the concept that cholesterol removal from the sperm plasma membrane is essential for capacitation, as defined by the coalescence of lipid rafts in the periacrosomal region of the sperm head, heterologous binding of stallion spermatozoa to ZP-intact bovine oocytes, and an inducible acrosome reaction. In numerous studies, it has been demonstrated that cholesterol depletion appears to be a rate-limiting step in capacitation and is vital for the activation of tyrosine kinases (Visconti et al. 1999 , Flesch et al. 2001 , Signorelli et al. 2012 . Accordingly, these studies also highlight the positive correlation between cholesterol removal and protein tyrosine phosphorylation in stallion spermatozoa. Moreover, capacitation media containing PVA, ptx, and dbcAMP produced high levels of ZP binding when combined with mbcd and may therefore hold promise as commercially applicable media that contain no animal-derived material for the in vitro capacitation of stallion spermatozoa. In addition, our study indicates that premature capacitation is not effectively attenuated in the presence of a milk-based commercially available semen extender, suggesting that a re-evaluation of diluents used to prevent the deleterious effects of seminal plasma is required.
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